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Modifying Gene Expression Programs by Altering
Core Promoter Chromatin Architecture
HMG I(Y) bind cooperatively to enhancer DNA to form
an enhanceosome, which in turn activates transcription
(Thanos and Maniatis, 1995). In contrast, individual acti-
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vators bound to the enhancer do not activate IFN- geneColumbia University
transcription by themselves, indicating that they cannot630 West 168th Street
operate independently in this context. However, theNew York, New York 10032
same activators bound to other promoters can activate
transcription independently of each other and in re-
sponse to other signals besides virus infection (Sil-
verman and Maniatis, 2001; Taniguchi et al., 2001). Al-Summary
though the enhanceosome concept explains the
mechanisms of transcriptional synergy and signal inte-Transcriptional activation of the IFN- gene in re-
gration at the IFN- enhancer (Merika and Thanos, 2001;sponse to virus infection requires the assembly of an
Ptashne and Gann, 2002), it did not fully explain theenhanceosome, which instructs a recruitment pro-
phenomenon of transcriptional specificity mentionedgram of chromatin modifiers/remodelers and general
above. This uncertainty is based on the in vivo observa-transcription factors to the promoter. This program
tion that the activators assemble on the enhancer asyn-culminates with sliding of a nucleosome blocking the
chronously (Munshi et al., 2001). The cooperativity incore promoter to a downstream position, a prerequi-
enhanceosome assembly acts at a step following thesite for transcriptional activation. We show that deliv-
activators’ initial association with enhancer DNA (Falvoery of this nucleosome to the same downstream posi-
et al., 2000; Munshi et al., 2001). Therefore, the mecha-tion to create an accessible IFN- core promoter prior
nisms governing specificity in the transcriptional re-to enhanceosome assembly results in major changes
sponse remained elusive.in the gene expression program with regard to the
The remarkable precision of the IFN- transcriptionaltemporal pattern and the signal specificity of the tran-
switch lies in the biochemical mechanisms governingscriptional response. Thus, the identity of a gene ex-
assembly and disassembly of the enhanceosome. First,pression program is achieved and maintained by the
assembly of the enhanceosome is a highly dynamic pro-dynamic interplay between specific enhanceosomes
cess. At different times after viral infection, the composi-and specific local chromatin structure.
tion of the enhanceosome changes (Munshi et al., 2001).
Second, it is believed that the distinct composition ofIntroduction
the enhanceosome at different times after virus infection
is responsible for the order of recruitment of chromatinTerminally differentiated cells display distinct patterns
modifying and general transcription factors to the pro-of gene expression. These differences are a conse-
moter in vivo. More specifically, early enhanceosomesquence of gene control circuitries hardwired into DNA.
recruit the GCN5 complex which acetylates both his-Critical components of this circuitry are the cis-acting
tones and HMG I(Y) (Agalioti et al., 2000; Munshi et al.,regulatory elements (enhancers) and the trans-acting
2001). Histone acetylation marks the nearby nucleo-regulatory apparatus, whose unique interplay during
somes for remodeling by the SWI/SNF complex whoseevolution, development, and adult life specifies the iden-
CBP-mediated recruitment is stabilized by the acet-tity of organisms. Enhancers receive inputs in the form
ylated histone tails. Simultaneously, GCN5 acetylates
of DNA bound transcription factors, which convey the
HMG I(Y) at lysine 71, thus both strengthening and pro-
signal to nearby promoters. The type of biological infor-
tecting the enhanceosome from premature disruption
mation communicated to a promoter is defined by the by the acetyl-transferase activity of the incoming CBP
identity of the transcription factors called into play (Da- toward lysine 65 of HMG I(Y) (Munshi et al., 1998, 2001).
vidson, 2001). The modular architecture of enhancer Modification by SWI/SNF of the histone-DNA contacts
elements in higher eukaryotes provides the framework at the nucleosome masking the IFN- core promoter
for signal integration and combinatorial control of gene permits binding of TFIID at the TATA box and thus com-
expression in a way that ensures precise control of gene pletion of preinitiation complex assembly (Agalioti et al.,
activity (Ptashne and Gann, 2002). However, the mecha- 2000). In addition, the radical DNA bend induced by TBP
nisms responsible for the accurate execution of elabo- at the TATA box forces the SWI/SNF-modified nucleo-
rate gene expression programs are largely unknown. some to adopt a new position 36 nucleotides down-
Virus-induced transcription of the human IFN- gene stream (nucleosome sliding), thus fully exposing the
illustrates one of the best-characterized examples of core promoter, a prerequisite for initiation of transcrip-
the mechanisms by which enhancer elements function tion (Lomvardas and Thanos, 2001). Termination of
to switch gene transcription on and off (Struhl, 2001). IFN- transcription requires destruction of the en-
Upon virus infection, three distinct sets of transcription hanceosome via acetylation of HMG I(Y) at lysine 65 by
factors (NF-B, IRFs, and ATF-2/c-Jun) are coordinately CBP. The latter modification occurs only when lysine
induced, and together with the architectural protein 71 in HMG I(Y) is deacetylated by a yet unidentified
deacetylase (Munshi et al., 1998, 2001).
The observation that the enhanceosome-dependent1Correspondence: dt73@columbia.edu
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recruitment program of chromatin modifiers/remodelers radiolabeled primer  followed by primer extension
(Lomvardas and Thanos, 2001). Figure 1B (lanes 1 andand general transcription factors to the IFN- promoter
concludes with sliding of the nucleosome masking the 2) shows that in the WT IFN- promoter, the nucleosome
covering the core promoter (15 to 132) slides uponcore promoter (Lomvardas and Thanos, 2001) raised the
question of whether the accurate execution of the IFN- virus infection to a new position (20 to 167), a result
consistent with our previous studies (Lomvardas andtranscriptional switch depends somehow on the precise
nucleosomal promoter architecture. Here, we address Thanos, 2001). Importantly, when primerwas annealed
with DNA extracted from mock-infected cells trans-this question by creating an artificial enhancer/promoter
configuration on which this nucleosome has been artifi- fected with the IFN-slid template, the extended product
was 35 nucleotides long, indicating that the nucleo-cially delivered to the same site where it slides during
gene activation. In other words, we have moved the some’s 5 border is at 22 (lane 3). Nucleosome sliding
was not observed on this template upon virus infectionnucleosome downstream to create an accessible IFN-
core promoter prior to enhanceosome assembly and (compare lanes 3 and 4). The position of the nucleosome
in the IFN-slid gene before and after virus infection wasgene activation. We found that nucleosome reposition-
ing results in major changes in the gene expression also verified using primers hybridizing to sequences lo-
cated downstream of the site to which primer  annealsprofile of the IFN- gene with regard to the temporal
pattern of expression and the signal specificity of the (data not shown). These results demonstrate that in vivo,
as was the case in vitro (Figure 1A), the artificial nucleo-transcriptional response.
some-positioning signal is dominant to the natural IFN-
core promoter nucleosome-positioning signal. Impor-Results
tantly, virus infection did not cause nucleosome sliding
at the IFN-slid template.Altering the Position of IFN- Core Promoter
Nucleosome In Vivo and In Vitro
We used an artificial nucleosome positioning sequence Alteration of the Nucleosome Positioning at the Core
Promoter Changes the Temporal Patternto alter the position of the nucleosome that normally
blocks the IFN- core promoter (15 to 132). This of IFN- Expression
To investigate the transcriptional consequences of alter-sequence, a 40 bp segment of repetitive DNA called GT
(see Experimental Procedures), was previously shown ing the nucleosomal positioning at the IFN- promoter,
we carried out transfection experiments in HeLa cells.to be a strong nucleosome-positioning signal (Shrader
and Crothers, 1989). Upon nucleosome reconstitution, The WT and the IFN-slid templates were cotransfected
into the same cells followed by either mock or virusthe GT sequence is centered at the dyad symmetry of
the nucleosome (Shrader and Crothers, 1989). There- infection for different amounts of time. RNA was isolated
and the virus-induced transcripts synthesized from bothfore, the GT sequence was inserted at the 75 position
of the IFN- gene and tested for its ability to position templates were detected by RT-PCR and PAGE. The
pair of primers used in the RT-PCR reactions flanks thethe nucleosome in vivo and in vitro. This insertion site
was chosen to position the nucleosome between 22 site of insertion of the GT oligonucleotide and therefore
detects and discriminates between both RNA products,and 169 (IFN-slid gene), closely approximating the po-
sition of the nucleosome at the IFN- promoter following since they differ by 40 nucleotides in length. In parallel,
the pattern of expression of the endogenous IFN- genesliding (20 to 167; Lomvardas and Thanos, 2001).
The wild-type and the IFN-slid promoter fragments were was monitored using a different set of primers in the
same samples. Figure 2A shows that in uninfected cellsassembled into nucleosomes in vitro and the boundaries
identified by ExoIII digestion. Figure 1A shows that the there was no detectable basal level expression from the
IFN-slid template, despite the fact that the core promoternucleosome spans the region from 15 to 132 on the
WT promoter (lanes 2 and 3), as expected (Agalioti et is exposed (lane 1). Transcripts from the transfected WT
and the endogenous IFN- promoters were first de-al. 2000). However, in the IFN-slid template, the nucleo-
some’s boundaries are at22 and 169 (lanes 5 and 6), tected at 6 hr post infection and decreased at 24 hr, a
result consistent with our previous observations (Figureindicating that the GT artificial nucleosome positioning
signal overrides the naturally occurring signal in vitro. 2A; Agalioti et al., 2000). Unexpectedly, however, tran-
scripts from the IFN-slid template appeared 3 hr earlierTo investigate whether the artificial nucleosome posi-
tioning sequence is dominant over the natural se- (Figure 2A, lane 3). As with the WT and endogenous
IFN- gene templates, transcription from the IFN-slidquences in vivo, we mapped the nucleosome borders
on both templates after transfection into HeLa cells, gene peaked at 6–8 hr post infection and gradually de-
creased. As a control, we showed that insertion of awhich were either mock or virus infected. Indirect end-
labeling nucleosome mapping experiment indicated that 40 bp fragment taken from the prokaryotic ampicillin
resistance gene into the same position of the IFN-the bulk chromatin organization was similar in both tem-
plates following transfection (data not shown). Further- did not affect the pattern of virus-induced transcription
(Figure 2A), thus excluding the possibility that in the sitemore, we had previously shown that the nucleosomal
organization of transfected IFN- promoters was identi- of the insertion there is a critical regulatory element,
which has been inactivated. Therefore, the IFN-slid genecal to that of the endogenous gene (Lomvardas and
Thanos, 2001). The histone-DNA contacts were fixed displays an abnormal temporal pattern of expression.
The premature transcriptional activation of the IFN-by formaldehyde crosslinking, followed by micrococcal
nuclease treatment of isolated nuclei. DNA extracted slid gene prompted us to examine whether the en-
hanceosome assembles earlier on this template andfrom the resulting mononucleosomes was annealed with
Chromatin Structure and Gene Expression Programs
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Figure 1. Repositioning of the Nucleosome Spanning the IFN- Core Promoter to a New Location by Artificial Nucleosome Positioning Signals
In Vivo and In Vitro
Shown at the bottom of the figure is a diagrammatic illustration of the nucleosome organization in both templates.
(A) The WT and the GT-IFN- enhancer promoter fragments (143 to 183 and 143 to 217, respectively) were labeled at one end,
reconstituted to nucleosomes, gel purified, and incubated with increasing amounts of ExoIII to identify the nucleosome boundaries. The
arrowheads depict ExoIII protected nucleosomal DNA, which is also shown as a solid line underneath the diagram.
(B) HeLa cells were transfected with the WT (lanes 1 and 2) or with the GT-IFN- (lanes 3 and 4) enhancer/promoter constructs followed by
mock or virus infection for 10 hr. The histone-DNA contacts were fixed by formaldehyde crosslinking followed by micrococcal nuclease
treatment of isolated nuclei. The DNA was purified and annealed with radioactive primer , followed by primer extension. Shown is a sequencing
gel containing the extending products run side by side with sequencing reactions serving as size markers. The diagrammatic illustration at
the bottom of the figure shows the position of the nucleosome in both templates before and after transcriptional activation.
whether the recruitment of chromatin modifiers/remod- to the IFN-slid promoter before the completion of en-
hanceosome assembly (Figure 2B, lanes 11, 12). At theelers and general transcription factors was accelerated.
Enhanceosome assembly was monitored by chromatin time of the initial recruitment of TBP and PolII, only NF-
B and IRF-1 are bound to the promoter. Although theseimmunoprecipitation experiments using chromatin pre-
pared from cells transfected with the WT and the IFN-slid transcription factors are also bound to the WT gene,
they cannot recruit TBP and PolII (lanes 2 and 3). CBPtemplates infected with virus for different amounts of
time. Consistent with our previous results with the en- is recruited to both promoters at the same time (lane 4),
a finding consistent with previous experiments showingdogenous gene (Munshi et al., 2001), the IFN- en-
hanceosome assembles on transfected enhancers in a that the assembled enhanceosome recruits CBP, not
the individual factors (Merika et al., 1998; Kim et al.,stepwise manner. First, NF-B(p65) and IRF-1 bind the
enhancer, followed by the association of ATF-2 and 1998; Yie et al., 1999). Significantly, PolII is initially re-
cruited to the WT promoter as a CBP-PolII holoenzymeIRF-3. Significantly, the time course of enhanceosome
assembly was almost identical on the WT and the complex before TBP recruitment. By contrast, in the
case of the IFN-slid promoter, PolII is initially recruitedIFN-slid template (Figure 2B, compare lanes 1–8 with
9–16). Thus, in both templates the program of enhance- independently of CBP together with TBP. Thus, the
same transcriptional activating complex assembled up-osome assembly is indistinguishable, verifying our pre-
vious predictions that the two constraints known to stream of the same core promoter can initiate two differ-
ent recruitment programs depending on the localcontrol enhanceosome assembly are the enhancer se-
quence itself and the signaling pathway activating the nucleosomal architecture.
Comparison of the patterns of histone acetylation andregulators (Thanos and Maniatis, 1995). None of these
parameters has been changed in the IFN-slid template. recruitment of HATs and SWI/SNF with the transcrip-
tional activation profile revealed that histone acetylationConsistently, early transcriptional activation of the
IFN-slid gene correlated with the early recruitment of does not correlate with activation of the IFN-slid gene
(Figure 2B, lanes 9–16). These events occur two hoursTBP and PolII. In fact, these essential components of
the transcriptional preinitiation complex were recruited after the initiation of transcription (Figures 2A and 2B).
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Figure 2. Temporal Deregulation of IFN-
Transcription by Altering Core Promoter
Chromatin Architecture
(A) HeLa cells were cotransfected with the
WT and IFN-slid genes followed by virus in-
fection for different amounts of time as indi-
cated at the top of the figure. Total RNA was
isolated and used in RT-PCR reactions as a
template with primers detecting the tran-
scripts shown at the right part of the gel.
IFN- I.C. refers to the insertion control con-
taining 40 bp of the ampicillin resistance gene
inserted at the same positions as the GT oli-
gonucleotide in and IFN-slid
(B) HeLa cells were transfected with the WT
and IFN-slid templates followed by virus in-
fection for different amounts of time. Cross-
linked chromatin was immunoprecipitated
with the indicated antibodies and the IFN-
promoter was detected by PCR using [32P]-
dCTP in the reaction.
Histones H3 and H4 are acetylated in both the WT and cruitment program of chromatin modifiers/remodelers
and general transcription factors is not only specifiedIFN-slid templates, but with slightly different kinetics
(1 hr difference, compare lane 4 with 12 and 13). This by the enhancer complex (the recruiting force), but is
also read out (or filtered) by the local chromatin struc-difference correlates with the differences in recruitment
of GCN5 to these promoters. The delayed association ture. The key prediction of this hypothesis is that tran-
scription of the IFN-slid promoter is independent of his-of GCN5 with the IFN-slid promoter implies that the effi-
ciency of its recruitment depends, at least in part, on tone acetylation (although it occurs), and independent
of SWI/SNF (since it is not recruited). We therefore, car-the local chromatin organization (N. Munshi and D.T,
unpublished data). Remarkably, we found that SWI/SNF ried out side-by-side in vitro transcription experiments
using the WT and the IFN-slid promoters to investigateis recruited very inefficiently to the IFN-slid promoter;
despite the fact that recruitment of CBP (which ordinarily these possibilities. First, we examined the role of histone
acetylation on the rate of enhanceosome-induced pre-brings SWI/SNF to the WT promoter) and histone acet-
ylation (which stabilizes this recruitment) both occur initiation complex assembly. The WT and IFN-slid tem-
plates were reconstituted into nucleosomes, followed(Figure 2B). Again, this observation agrees with the no-
tion that stable recruitment of SWI/SNF to this promoter by enhanceosome assembly and incubation with HeLa
nuclear extracts for different amounts of time to allowis mediated by its bivalent interactions with the enhancer
complex and locally acetylated nucleosomes (Agalioti PIC assembly. Next, NTPs were added, followed imme-
diately by the addition of sarkosyl (0.1%) to inhibit reiniti-et al., 2000; Hassan et al., 2001). In the case of the
IFN-slid promoter, the acetylated nucleosome is posi- ation of transcription (Yie et al., 1999). The reactions
were incubated for 30 min to allow transcription elonga-tioned 38 nucleotides further away, compared to the
WT promoter. This notion is also consistent with our tion and the correctly initiated transcripts were detected
by primer extension. When the WT nucleosomal tem-observation that SWI/SNF leaves the promoter immedi-
ately after nucleosome sliding, at time at which one of plate was not acetylated, the rate of PIC formation was
at a very slow rate (half time  18 min) and the level ofthe two surfaces stabilizing SWI/SNF on the promoter
changes position (T. Agalioti and D.T., unpublished data, transcription was very low even after 30 min (Figure 3A).
When the WT nucleosomal template was acetylated bysee also Discussion).
The experiments described above imply that the re- GCN5, the rate of PIC assembly was accelerated by
Chromatin Structure and Gene Expression Programs
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Figure 3. The Role of Core Promoter Chromatin Architecture in the Mechanisms of Enhanceosome-Dependent Gene Activation
(A) The IFN- enhanceosome was assembled on the chromatinized WT and IFN-slid gene templates that were either mock- or GCN5-acetylated.
The templates bearing the enhanceosome were incubated with HeLa nuclear extract for the indicated amounts of time shown at the top part
of the gels. Sarkosyl and NTPs were added, and the incubations were continued for an additional 30 min. Transcript levels were detected by
primer extension, quantitated by PhosphorImager, and used as a measure of PIC formation.
(B) Biotinylated WT or IFN-slid gene promoter fragments (143 to 183 and 143 to 217, respectively) bearing the nucleosome, were
attached to Dyna-beads, and either mock- or GCN5-acetylated. The chromatin templates were washed and used for enhanceosome assembly
followed by incubation with complete or SWI/SNF-depleted extracts as indicated. The reactions were washed four times and bound TAFII250
was detected by Western blotting.
(C) Shown is an in vitro transcription experiment using the WT and IFN-slid templates with complete or SWI/SNF-depleted nuclear extracts
as indicated
3-fold and the level of transcription increased 10-fold extent of in vitro transcription are profoundly affected by
the position of the nucleosome on IFN- promoter. These(Figure 3A, lanes 1–7). Thus, histone acetylation en-
hanced both the rate and the extent of PIC assembly. differences are a consequence of different requirements
for transcriptional activation. With the IFN-slid template,In contrast with the IFN-slid nucleosomal template, both
the rate and the level of transcription were high and transcription is independent of enhanceosome assem-
bly. In contrast to the WT promoter, which requires ahistone acetylation had no effect (lanes 8–14).
In agreement with previous results (Agalioti et al., fully assembled enhanceosome for its activation, the
binding of individual transcription factors to the IFN-slid2000), acetylation of the WT nucleosomal template en-
hanced the recruitment of TFIID (compare lanes 2 and promoter appears to be sufficient for transcription acti-
vation. In the latter case, transcription is independent3). This is because acetylation facilitates nucleosome
remodeling by SWI/SNF, a prerequisite for TFIID bind- of both histone acetylation and SWI/SNF, as the nucleo-
some in its new position does not obstruct assembly ofing. Conversely, acetylation had no effect on TFIID re-
cruitment with the IFN-slid nucleosomal template (Figure the general transcription machinery. It therefore follows
that the IFN-slid promoter may respond to signals that3B, compare lanes 6 and 7). Similarly, depletion of SWI/
SNF from the extract abolished enhanceosome-depen- activate only one of the transcription factors that ordi-
narily assemble into the enhanceosome.dent transcription from the WT nucleosomal template,
but had no effect on transcription of the IFN-slid nucleo- Indeed, as shown in Figure 4A, the IFN-slid promoter
is activated by TNF- treatment (lane 3), which activatessomal template (Figure 3C). These biochemical experi-
ments are in agreement with the in vivo recruitment NF-B and by IFN- treatment (lane 2), which activates
IRF-1. In sharp contrast, neither of these inducers canexperiments described above, indicating that the re-
quirements for transcriptional activation differ dramati- activate the WT promoter. The combination of TNF-
and IFN- further stimulated transcription from thecally, depending on where the nucleosomes are posi-
tioned relative to the core promoter. IFN-slid promoter but still did not induce transcription
of the WT promoter (lane 4). Thus, signal-dependent
activation of the IFN-slid promoter is no longer specific,Loss of Signal Specificity
in Transcription Activation since it can be activated by signals to which the WT
gene does not respond.The experiments described above show that the kinetics
of virus-induced transcription in vivo, and the rate and The mechanisms responsible for the new expression
Cell
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Figure 4. Loss of the Signal-Specific Tran-
scriptional Response of the IFN- Gene by
Altering Promoter Chromatin Architecture
(A) HeLa cells were cotransfected with the WT
and IFN-slid genes followed by either mock,
virus, TNF-, IFN-, or TNF- plus IFN-. To-
tal RNA prepared from these cells was used
in RT-PCR reactions as a template.
(B) HeLa cells were transfected with the WT
or the IFN-slid genes followed by either mock,
virus, TNF-, IFN- or TNF- plus IFN- in-
ductions. Crosslinked chromatin was immu-
noprecipitated with the indicated antibodies
and the IFN- promoter sequences were de-
tected by PCR.
(C) HeLa cells were transfected with the WT
IFN- gene template, induced as in (B) and
nuclei were prepared and digested with NcoI.
The DNA was isolated and cleaved with EcoRI
before agarose gel electrophoresis and south-
ern blotting. The lower part of the figure, which
is not drawn to scale, shows the restriction
map of the template and the probe used.
Nucleosome remodeling results in the ap-
pearance of the 244 bp fragment.
programs of the IFN-slid promoter were investigated by transcription (Figure 4A), because it did not recruit basal
factors (lane 3). In contrast, the same amount of NF-Bchromatin immunoprecipitation experiments. The WT
and the IFN-slid genes were transfected into HeLa cells, bound to the same enhancer in the context of the IFN-slid
gene activated transcription by recruiting TBP and PolIIwhich were either mock- or virus infected, or treated
with TNF-, IFN-, or TNF- plus IFN-. The crosslinked (lane 8). Significantly, a single NF-B molecule is unable
to recruit CBP and to induce histone acetylation in bothchromatin was immunoprecipitated with antibodies
against enhanceosome components, coactivators, templates (lanes 3 and 8). Thus, TNF- induced tran-
scription from the IFN-slid template occurs in the ab-basal transcription factors, and acetylated histone tails.
Figure 4B shows that, as expected, virus infection in- sence of recruited CBP, histone acetylation, and chro-
matin remodeling. A similar result was obtained uponduces enhanceosome assembly, recruitment of CBP,
TBP, and PolII, as well as histone acetylation on both IFN- treatment and IRF-1 binding to both templates
(lanes 4 and 9).templates (lanes 2 and 7). Surprisingly, TNF- treatment
induced NF-B binding to both the WT and IFN-slid On the basis of these observations we propose the
following model. In the WT gene, enhanceosome assemblypromoters (lanes 3 and 8). Although TNF- is a more
potent inducer of NF-B than virus, the amount of NF- leads to the ordered recruitment of histone acetylases
and chromatin remodelers, which target the nucleosomeB bound to both promoters after virus infection was
5-fold more than the amount bound to the same pro- blocking the core promoter. Modification of this nucleo-
some allows TFIID binding, subsequent nucleosomemoters upon TNF- treatment (compare lanes 2 with 3
and 7 with 8). This observation is consistent with the fact sliding, and initiation of transcription. Individual factors
bound to the enhancer upon cell activation by TNF- orthat enhanceosome assembly is a cooperative process.
The binding of NF-B to the WT enhancer did not induce IFN- cannot activate transcription because they cannot
Chromatin Structure and Gene Expression Programs
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instruct a recruitment program of chromatin modifiers/ Figure 5D shows that the WT IL-8 gene is induced by
both TNF- and virus infection, whereas the WT IFN-remodelers required for nucleosome sliding and remod-
eling (Figure 4C). The situation with the IFN-slid gene gene is induced only by virus infection. By contrast, the
IL-8EnhIFN-prom chimeric construct did not respond tois different. Although this program is “running” slightly
different, it is not critical for transcription because the either signal. On the other hand, the reciprocal chimera
(IFN-EnhIL-8prom) was activated by both signals, mimick-nucleosome is not in a position to obstruct assembly of
the general transcription machinery. In this case the ing the expression profile of IFN-slid gene. The results
of in vitro transcription experiments using naked DNAcore promoter is naked, so activators that bind to the
enhancer upon cell stimulation with a variety of signals and chromatin templates show that these differences
are the consequence of local chromatin structure. Figurecan activate transcription by recruiting (directly or indi-
rectly) the general transcription machinery. Thus, the 5E shows that NF-B can activate the WT IL-8 gene from
either naked or chromatin bearing fragment or plasmidspecific activation of the IFN- gene in response to virus
infection not only requires the assembly of an enhanceo- templates (lanes 2, 6, 10, and 14). However, NF-B was
unable to activate the IL-8EnhIFN-prom in the context ofsome, it also depends on the chromatin architecture at
the promoter. chromatin (lanes 6 and 14), although it did so from naked
DNA templates (lanes 2 and 10). As a control, we showed
that NF-B alone could also not activate the WT IFN-Switching Transcription Programs between
gene in the context of chromatin (lanes 6 and 14). AsDifferent Genes by Swapping their Core
expected, NF-B and IRF-1 alone activated transcrip-Promoter Chromatin Architecture
tion to some extent from the naked WT and IFN-slidThe transcription factor NF-B plays a key role in the
templates (lanes 2, 3, 10, and 11) as well as from theactivation of a large number of genes with distinct tran-
nucleosomal IFN-slid template (lanes 6, 7, 14, and 15).scriptional profiles (Silverman and Maniatis, 2001). We
Thus, individual activators cannot overcome nucleo-have shown that simple combinations of transcription
some barriers such as the one present on the IFN-factors cannot act to overcome the nucleosome at the
core promoter. Furthermore, the levels of transcriptionalIFN- core promoter (Figure 4). We therefore hypothe-
activation obtained by virus infection in vivo and bysized that genes regulated by simple enhancer elements
the enhanceosome in vitro are higher than the levelslike that of the IL-8 gene, which requires NF-B for induc-
obtained by individual activators, a result underscoringibility and constitutively bound C/EBP for achieving
the phenomenon of transcriptional synergy in en-high levels of transcription (Roebuck, 1999), would not
hanceosome dependent gene activation (Kim and Ma-have a nucleosome at their core promoters because
niatis, 1997; Merika et al., 1998).they might not be able to induce its remodeling or slid-
The ability of the core promoter nucleosomal architec-ing. Indeed, in vivo nucleosome mapping experiments
ture and the attendant enhancer elements to dictatewith the endogenous IL-8 enhancer/promoter (Figure
the gene expression program was further supported by5A) revealed the existence of a nucleosome spanning
additional experiments. Specifically, we showed that thethe region from 39 to 186, thus mimicking the posi-
IFN- enhancer fused to the HIV LTR core promotertion of the nucleosome at the IFN-slid promoter or on
(the nucleosome on this promoter spans the region 12the wild-type gene following sliding. Figure 5B shows
to 158; Verdin et al., 1993) or to the IB gene corethat, in contrast to the IFN- gene, virus infection leads
promoter (the core promoter is nucleosome-free; S.L.to the simultaneous binding of NF-B and TBP to the
and D.T., unpublished data) displayed the same proper-endogenous IL-8 promoter and the activation of tran-
ties as in the IFN-slid and IFN-EnhIL-8prom genes (datascription (see below). Thus, the same signal (virus infec-
not shown).tion) induces two different gene expression programs
utilizing at least one common transcription factor (NF-
B), which binds to both enhancers with indistinguish- Discussion
able kinetics. To determine whether these differences
are due to the distinct local chromatin architecture of Transcriptional programs with virtually any desired
property can, in principle, be created from combinationsthe two promoters, we constructed chimeric genes
bearing the IFN- enhancer upstream of the IL-8 core of simple regulatory elements (modules) to form an en-
hancer (Davidson, 2001). The execution of a specificpromoter (IFN-EnhIL-8prom) and the IL-8 enhancer up-
stream of the IFN- core promoter (IL-8EnhIFN-prom). In gene expression program requires the interpretation of
multiple environmental inputs via the binding of sets ofvivo nucleosome mapping experiments revealed that
the nucleosomes are positioned at their expected sites transcription factors to each enhancer to form en-
hanceosomes (Thanos and Maniatis, 1995). The modu-in these chimeras (data not shown). The chimeric genes,
along with the WT IFN- and IL-8 genes, were trans- larity of cis-regulatory DNA is critical to both the specific-
ity of gene expression and to the evolution of genefected into HeLa cells and infected with virus for different
amounts of time. As seen in Figure 5C, the IL-8 gene is expression programs by the incorporation of new bind-
ing sites to existing regulatory elements (add-on mecha-activated at 3 hr post infection, whereas the IFN- gene
is activated at 6 hr post infection, consistent with the nism; Ptashne and Gann, 2002). Many genes with dis-
tinct transcription programs have common transcriptionkinetics of TBP recruitment to the respective promoters.
However, the IFN-EnhIL-8prom template was activated factor binding sites in their enhancers and promoters.
The mechanism by which each of these genes is acti-with kinetics similar to those of the IL-8 and IFN-slid
genes (3 hr earlier). Remarkably, the IL-8EnhIFN-prom gene vated in response to different signals is believed to be
the cooperative assembly of enhanceosomes and theirwas unresponsive to virus infection (see also below).
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Figure 5. Switching Transcription Programs
between Different Genes by Swapping their
Core Promoter Chromatin Architecture
(A) HeLa cells were crosslinked with formal-
dehyde followed by micrococcal nuclease
treatment of isolated nuclei. The DNA was
purified and annealed with radioactive prim-
ers A, B, C, or D as depicted, followed by
ligation-mediated PCR. Shown is a sequenc-
ing gel containing the extending products run
side by side with sequencing reactions serv-
ing as size markers.
(B) HeLa cells were infected with virus for
the indicated amounts of time followed by
formaldehyde crosslinking. Crosslinked chro-
matin was immunoprecipitated using p65 and
TBP specific antibodies and the IFN- and
IL-8 promoters were detected by PCR using
[32P]-dCTP in the reaction.
(C) HeLa cells were transfected with the indi-
cated WT and chimeric IFN- and IL-8 en-
hancer/promoter constructs followed by vi-
rus infection for the indicated amounts of
time. The luciferase activities were plotted
as fold virus induction as a function of time.
Shown is one of three independent experi-
ments, and the variability from experiment to
experiment was less than 15%.
(D) HeLa cells were transfected with the re-
porter constructs shown on the left part of
the figure followed by either virus infection
or TNF- stimulation. The relative luciferase
activities were determined and presented as
fold induction. Shown is the average of four
independent experiments and the variability
was less than 20%.
(E) Shown is an in vitro transcription experi-
ment using the templates shown at the left
part of the figure either naked fragment (lanes
1–4) or plasmid (lanes 5–8) templates or in
chromatin bearing promoter fragments (lanes
5–8) or polynucleosomal plasmid templates
(lanes 13–16). The activators used are shown
on the top part of the figure. Correctly initi-
ated transcripts were detected by reverse
transcription using the appropriate primers.
ability to stimulate transcription synergistically (Thanos is modified, then the identity of the gene expression
program changes.and Maniatis, 1995). Only those genes in which the ar-
rangement of binding sites allows the deployment of The experiments revealed that the earlier activation
of the IFN-slid gene, as compared to the WT, is not duethe appropriate network of protein-protein interactions
required for enhanceosome assembly are activated. to an earlier assembly of the enhanceosome because
the kinetics of enhanceosome assembly is almost identi-Moreover, we note that cooperativity would suffice in
specifying a gene expression program, like that of IFN-, cal in both cases. The reason that the IFN-slid gene
is activated earlier appears to be due to the intrinsiconly when the corresponding activators cannot bind to
their sites independently of each other. This condition biochemical mechanism operating during enhanceo-
some assembly in vivo. Enhanceosome assembly oc-could be due to the fact that the sites are of intrinsically
very low affinity and/or to the presence of nucleosomes curs in a stepwise manner, and it is a highly dynamic
process, where components enter and leave the en-interfering with DNA binding. However, neither of these
stipulations applies to the IFN-gene. That is, the activa- hancer during the time course of IFN- gene expression
(Munshi et al., 2001). Thus, NF-B and IRF-1 arrive attor binding sites in the enhancer are not weak and the
enhancer is nucleosome-free in vivo. Here, we identify the enhancer before the other transcription factors
(ATF2, Jun, IRF-3, and IRF-7) and by so doing initiatean additional checkpoint in the information-processing
pathways required for gene activation: core promoter recruitment of the basal machinery and transcriptional
activation at the IFN-slid gene prior to the completionchromatin architecture, which interprets the information
received from transcription factors. Thus, the identity of of the enhanceosome assembly. However, when the
same activators assemble on the WT promoter, theya gene expression program is achieved and maintained
by the dynamic interplay between specific enhanceo- cannot recruit the basal machinery because of the
nucleosome masking the TATA box and the start sitesomes and specific local chromatin structure. If either
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Figure 6. The Role of Core Promoter Chro-
matin Architecture in Specifying Gene Ex-
pression Programs
(A) Shown is a diagrammatic representation
of the regulatory elements and chromatin ar-
chitecture of IFN-, IFN-slid, IL-8, and another
unknown gene X. All four genes share at least
one common transcription factor binding site
(e.g., NF-B, shown in red). In IFN-slid and IL-8
genes the core promoter is nucleosome-free,
whereas in IFN- and gene X, the core pro-
moter is masked by a nucleosome.
(B) Virus infection activates NF-B along with
other transcription factors, whereas TNF-
activates NF-B only.
(C) Virus infection leads to enhanceosome as-
sembly on the IFN- and IFN-slid genes, thus
activating transcription. In the case of the
IFN- gene nucleosome modification and
sliding are a prerequisite for gene activation.
None of the above are required for transcrip-
tional activation from the IFN-slid gene. Si-
multaneously, virus infection induced NF-B
binding to the IL-8 gene and transcriptional
activation. NF-B however on its own, cannot induce activation of gene X because it is insufficient to recruit chromatin modifiers and
remodelers. Thus, gene X remains silent, unless a signal activating the entire complement of its cognate transcription factors would be
encountered by the cell. On the contrary, TNF- induces expression of the IFN-slid and IL-8 genes because NF-B recruits the general
transcriptional machinery to the nucleosome-free promoters. However NF-B cannot do that when bound to the IFN- and gene X nucleosome
masked promoters.
of transcription. Thus, in the WT IFN- promoter, com- sliding in the WT gene and initiation of transcription
(Agalioti et al., 2000; Lomvardas and Thanos, 2001).pletion of enhanceosome assembly is required to in-
struct the recruitment program leading to nucleosome However, the requirements for transcriptional activation
shift when the nucleosome is not an obstacle for initia-sliding, a prerequisite for gene activation (Lomvardas
and Thanos, 2001). In contrast, the nucleosome in the tion of transcription. We showed that activation of the
IFN-slid gene can take place in the absence of bothIFN-slid promoter does not obstruct the assembly of the
basal machinery, and therefore individual activators can histone acetylation and chromatin remodeling. Thus, in
general, the requirement for chromatin-remodeling ma-directly recruit the critical transcription machinery, lead-
ing to earlier initiation of transcription. Similarly, we chines is not only defined by the transcriptional activa-
tors but can be dictated by the local chromatin structure,showed that when the same activators are individually
induced by other signals, they can bind to the IFN- which differs between genes. This notion is also consis-
tent with the following observations: (1) only a smallenhancer and can activate transcription from the
IFN-slid but not from the WT gene (Figure 6). Transcrip- percentage of yeast genes requires chromatin modifiers
and remodelers for expression (Holstege et al., 1998);tion is initiated, even though there is less activator bound
to the enhancer at the onset of virus infection (or upon (2) a need for chromatin modifiers/remodelers can be
imposed transiently to yeast genes during differentother signal stimulation) compared to the amount bound
to the enhancer at the peak of enhanceosome assembly. phases of the cell cycle where the state of the chromatin
differs (Krebs et al., 2000) or can be alleviated when theThus, cooperative assembly of the enhanceosome is
not the only parameter that selects the IFN- gene for nucleosomes are removed (Straka and Horz, 1991); (3)
although activators are the primary determinants of his-transcription. The final decision for gene activation is
made after information processing (interplay) between tone acetylation patterns, there are promoter-specific
effects that are independent of the activator (Deckertenhancer bound factors and local promoter chromatin
architecture. We showed that when the core promoter and Struhl, 2001); (4) depletion of histone H4 had little
effect on expression of the majority of yeast genes (Wy-is nucleosome-free, assembly of the enhanceosome is
not critical for transcriptional activation and the gene rick et al., 1999); and (5) in mammals, histone hyperacet-
ylation affects the expression of only a small percentagecan be activated by individual factors. In addition, the
nucleosome swapping experiments further underscored of genes (Van Lint et al., 1996). We propose here that
the property of activators to recruit multiple complexesthe decisive role of local chromatin structure in speci-
fying the identity of an expression program at a level ensures that the gene will be activated at different
stages of cell life, albeit via distinct mechanisms. If chro-beyond transcription factor binding.
Ordinarily, the enhanceosome’s adhesive surface matin structure is inhibitory, then the modifiers/remodel-
ers are required to alter it. The same modifiers could alsodoes not function as a general low specificity activation
domain (Struhl, 1999) but rather has a specialized func- be recruited to the same gene in a chromatin permissive
environment but their function is not critical for activa-tion: it instructs a defined recruitment program of chro-
matin remodelers/modifiers and basal factors, which tion (background recruitment). In cases where recruit-
ment of a chromatin remodeler, like SWI/SNF in themust be followed with precision to promote nucleosome
Cell
270
to 100 	g of streptavidin Dyna-beads (Dynal) as previously de-IFN- case, is driven by bivalent interactions involving
scribed (Yie et al. 1999). 0.5	g of donor chromatin/ pmol of DNA wasboth the enhanceosome and the nucleosome surface
used for nucleosome reconstitution. The immobilized nucleosomal(acetylated histone tails), this recruitment is abolished
DNA was precleared and 50 pmols of NF-B, ATF-2/c-Jun, and
when one of these surfaces is altered as it occurs with IRF-1, and 5 pmols of HMG I were incubated with the conjugated
sliding. DNA for 30 min at RT. Unbound proteins were removed, 60 	g of
The intriguing finding here is the requirement for a HeLa nuclear extract were added, and the mixture was incubated
for 1 hr at 30
C. ATP was added at 4 mM as necessary. The Dyna-specific chromatin architecture in controlling genetic
beads were washed three times and the bound proteins were de-regulatory networks. The recent discoveries of the com-
tected by Western blot. When we used preacetylated templates,plex and unanticipated network of regulatory crosstalk
the nucleosomal DNA was incubated with recombinant GCN5 for 1processes even at the level of transcription factor bind-
hr at 30
C as previously described (Munshi et al., 1998).
ing and of the protein-protein interaction networks in In vitro transcription reactions were performed using 75 ng of
the cytoplasm (interactomes) further reinforced the immobilized PCR fragments as previously described. (Agalioti et al.,
specificity question in gene activation (Ren et al., 2000; 2000). SWI/SNF depletions were carried out by incubating nuclear
extract with BRG1, BRM specific antibodies, respectively and wereIyer et al., 2001; Pilpel et al., 2001; Ho et al., 2002; Ren
more than 80% successful.et al., 2002; Tong et al., 2002; Weinmann et al., 2002).
Chromatin immunoprecipitation experiments were carried out asBased on our experiments and on these studies, we
previously described using  [P32] dCTP for body labeling duringpropose that the final “screening” in information pro-
PCR reaction (Parekh and Maniatis, 1999). The antibodies used were
cessing circuits occurs at the level of chromatin. Activa- obtained from Santa Cruz (p65, TBP, ATF2, BRG 1, IRF1, IRF3,
tors induced by multiple signals (e.g., NF-B) bind to GCN5, PolII, and CBP) and Upstate Biotechnology (anti-Acetyl His-
their sites in the genome (where permitted) and affect tone 4 and Histone 3). The Taq polymerase used was obtained from
Eppendorf.transcription only on those genes where the local chro-
matin structure is not inhibitory or when it can be overrid-
Plasmid Constructionden (e.g., cooperativity) with other factors, as is the
The IFN-slid template was constructed by inserting two copies ofcase with the IFN- gene. Thus, although many specific
the sequence (TCGGTGTTAGAGCCTGTAAC) at the75 of the IFN-receptor-ligand, protein-protein, and protein-DNA inter-
gene. The IFN-EnhIL-8prom template was constructed by fusing theactions are important for controlling gene expression
IFN- enhancer element (from 110 up to 40) with the IL-8 core
they may not be sufficient in the presence of an inhibitory promoter element (from 40 up to 50) using standard PCR tech-
chromatin architecture. niques. The IL-8EnhIFNprom template was constructed by fusing the
IL8 enhancer (200 to 40) to the IFN- core promoter element
Experimental Procedures (from 40 up to 60). All the constructs were verified by DNA
sequencing.
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